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OB30P JJIEKTPUYECKUX PAKETHbIX OBUI ATENEM
ANa ABUT ATEJIbHbIX YCTAHOBOK
MAIJIbIX KOCMHYECKHUX ATNMAPATOB

U. B. KonraHos

OMCKMI rocypapCTBEHHbIN TEXHUUYECKUM yHMBepcuTeT, Poceus, 644050, r. Omck, np. Mupa, 11

B cratbe npepncTaBneH aHanM3 COBPEMEHHOrO COCTOsHMS rnobanbHbix pPa3spaboToK MNasMEHHbIX ABM-
raTenbHbIX CUMCTEM C HU3KMM MOTpebrneHMem 3Heprum, NpegHa3sHayYeHHbIX AMs YNPaBhsSieMbIX MarbIX KOC-
Muuecknx annapatos. Llenbto nccneposaHus siBnsietcs 0630p OCHOBHbIX TMMOB M KOHCTPYKLMI 3NEKTpuue-
CKMX PaKeTHbIX ABurartenem, onpegerneHve npobrnem, BO3HMKAEIOWMX B npouecce pa3paboTku M BAUSIOLLMX
Ha 3HEPreTMHECKHUE M KOHCTPYKTUBHbIE XapaKTepHUCTUKM. OgHUM M3 caMbix BOCTPEBOBaHHbIX M NEPCNEKTUBHBIX
HanpaeneHui B obnacTi gBUraTenecTpoeHm1s Afs MarnbiX KOCMMUYECKMX annapaTos SIBMSIOTCS MOHHbIE OBMraTe-
nm. Mcnonb3oBaHMe 3NeKTPUYECKOM 3HEPrMM AN CO30aHMs TSAMM, @ TaKXKe BbICOKOYAaCTOTHOro 3neKTpoMmar-
HUTHOIO U3MYy4YeEHMs, MO3BOMNSIET MMHUMMU3IUPOBATL MNOTEPHU MOLLHOCTU. DTO MPUMEHEHHUE IHEPIMMU B NpoLecce
CO3[aHUsl TSrK SIBMNSIETCS KMIOYEBbIM MPEUMYLLECTBOM MNa3MeEHHbIX 3HEPreTMHECKUX YCTaHOBOK. Mcrnonb3o-
BaHME arperaroB MHEBMOrMOPAEBIIMHECKMX CUMCTEM SIBMISIETCS OCHOBHbIM criocobom nogaum pabouero Tena
M MX 3aMeHa Ha PUTMIb, MPOMMTAHHbIM KPEMHUMOPraHMYECKMM MAacCNoM, HYTO MO3BOMMT MMHMMM3UPOBATH
Maccy ABUraTeribHOM YCTAHOBKM M MOBbICMTb HagEeXHOCTb.
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The article analyzes the current state of global development of low-energy plasma propulsion systems
for guided small spacecraft. The aim of the research is to review the main types and constructions of electric
rocket engines, to identify the problems arising in the development process affecting the energy and design
features. One of the most demanded and promising directions in the field of propulsion for small spacecraft
is ion engines. The use of electrical energy to create propulsion, as well as high-frequency electromagnetic
radiation, allows minimizing power losses. A key advantage of plasma propulsion units is this utilization of
energy in the propulsion creation process. The use of units of pneumohydraulic systems is the main way
of supplying the operating body and their replacement by a wick infilirated with organosilicon oil allows
minimizing the mass of the propulsion system and increasing reliability.
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BBepenue

B CCCP u CIIIA uccaepoBaHUSI B OOAACTH UCTOUHM-
KOB DHEPTUU AASI KOCMUUYecKux anmnapaToB (KA) Obiau
HauaTel B KoHIe 1950-x rr. XX B. Cpeapu sAeKTpuue-
CKUX ABUIaTeA€l HAWOOABIIWE yCIleXu B pa3paboTKe
W WCIOAB30BAaHWM B PAKETHO-KOCMUYECKOM TEXHHKEe
OBIAM AOCTUTHYTHI 3@ CUET CTAIJMOHAPHBIX ITAA3MeHHBIX
Auratenedt [1, 2].

PeakTuBHEBIN ABUTaTeAb paboTaeT Ha OCHOBe IIPUH-
IHMIIa YCKOpeHUs pabouero BellleCTBa U ero BEIOpoca
yepe3 COIAO Pas3psAHOM KaMephbl. B sAeKTpuyecKux
ABUTAQTEASIX WCIOAB3YIOTCSI 4eThIpe OCHOBHBIX MeXa-
HH3Ma AA YCKODPEHHUS: SAeKTPOMAarHUTHBIN, 3AE€KTPO-
CTaTUYeCKUH, TEIAOBOU U 3aMKHYTBIM Apelid 3AeKTpo-
HOB. OTO NPUBEAO K pa3paboTKe Pa3AWYHBLIX TUIIOB
9AEKTPUYECKUX ABUTATEAEM, Ka’KABIU M3 KOTOPBIX OC-
HOBBLIBAETCSI Ha CBOUX YHMKAABHBEIX METOAAX yCKOpe-
HUA paboyero Teaa.

B coBpemeHHOM MHpe pa3pabOTKa YHIPaBASIEMBIX
MaABIX KOCMHYECKHUX allllapaToB SIBASETCS aKTyaAbHOMU
3apauel, U aKTyaAbHOCTb TOABKO BO3pacTaeT, Tak KakK
coBpeMeHHBEIe Maable KA HCIIOAB3YIOTCS AASL OOIIHP-
HOTO KpyTa 3aAad, AAS KOTOPBIX TpeOyeTcst MaHeBpU-
poBaHUe U MOOMABHOCTb.

Kpome ToOro, KocMmyeckue ammapaTbl HaXOAAT
LIIXPOKOe IpUMeHeHHe KaK B HayYHBIX, TaKk U B IIpU-
KAAAHBIX obOaacTax. OHM y4yBCTBYIOT B TeCTHPOBaA-
HUU HOBBIX TEXHOAOTMM B YCAOBHUSX KOCMOcCa, cbope
DAHHBIX IIPU AWMCTAHIIMOHHOM 30HAMPOBAHWH 3EMAU
u obecmedeHUM CBA3U. TakyKe ammapaThl ITPOBOASIT
HUCCAEAOBAHUS BEPXHHUX CAOEB aTMOCdepsl, NOHOC(he-
pEl U B3auMopeMcTBUM Meskpy CoaHIleM U 3eMAen.
INpu sToM ccepa IpuMeHeHUs KOCMUYECKHX allapa-
TOB BO MHOTOM OIIPEAEAsieTCsI UX pa3MepaMM U THUIIaMU
[3. 4].

ABHUraTeAmn ¢ TEMAOBBIM MeXaHU3MOM
yCKopeHHUs1 paboyero teaa

TenAoOBOM MeXaHW3M YCKOPEHHUS B 9AEKTPUYECKUX
PaKeTHBIX ABUTATEASIX, Yallle BCEro MpPeACTaBAEHHBIN
B BUAE WOHHBIX WAW TAA3MEHHBIX ABUTaTEAeH, OCHO-
BaH Ha MpeoOpa30BaHUM IJAEKTPUUECKON JHEPIruu
B KHMHETHYEeCKYyI0 3Hepruro pabodero Teaa (OOBIYHO
rasa WAM HMOHOB), YTO IPUBOAUT K CO3AQHUIO TSTHU.
OHeprus UCTEKAIoIero ra3a 3aBUCHT OT TeMIIepaTyphl
raza Ha BBIXOAE M3 COIAd. K TaKOMy THIy OTHOCSITCS
TaK’Ke dAEKTPOHArpeBHbIE, NHAYKIIMOHHEIE ¥ 9AEKTPO-
IAa3MeHHBIE [9, 6].
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B sAeKTpoHArpeBHBIX ABUTATEASIX (PUC. 1) HMCIOAB-
3yeTcsl NIPUHITUII MIOBLIIIEHHUsI TeMIlepaTypsl pabodero
TeAd, KakK MPaBUAO, TINOTHAS CPeAd, 3a CUET KOHTAKTa
pabouero Teara ¢ OMHYECKHUM HarpeBaTEAeM ITPOUCXO-
AUT KOHBEKTHBHBIN TENAOOOMEeH M AaAbHellllee yCKO-
peHue B COIAe KaMephbl CropaHus ABUTaTeAs. Mak-
CUMaAbHasl TeMIlepaTypa OMMUYECKOro HarpeBaTeAs
orpaHWYeHa, W, KaK CAEACTBHE, OTPaHUYEHO 3HaUeHUe
YAEABHOTO UMITYyALCA TSATH ABUTATEAs], KOTOPBIM He IIpe-
Britaetr 300 c [6].

OAeKTpOHArpeBHBIE ABUTATEAU IOAYUYUAU LIXPOKOE
pacnpocTpaHeHHe B POCCUMCKOM CITyTHUKOCTPOEHUU.
C 1981 r. B METEOPOAOTHUYECKUX CIYTHUKAX YCIEIIHO
HUCIOAB3YIOTCSI KOPPEKTUPYIOIINEe ABHTaTeAbHLIE yCTa-
HOBKU C aABurarereM OHA-15. Takue yCcTaHOBKH Ha-
XOAAT MMPUMEeHeHWe Ha HU3KOOPOUTAABHBIX allllapaTax
tuna «Meteop-Ilpupopa», «Pecypc-O», «MeTteop-3»,
a Takyke Ha reOCTAllMOHAPHOM CITyTHUKE «DAEKTPO».
Bcero OBIAO BEIBeAEHO OOAee AeCSTH CITyTHUKOB, OCHa-
IIEeHHBIX AAHHBIM ABUTateaemM. OCHOBHAasi cXeMa ABUTa-
TEeABHOM YCTAaHOBKM BKAIOYaeT B cebsl UeThIpe ABHTa-
TeAsT: ABa OCHOBHBIX U ABa pPe3epBHBIX. MOIITHOCTh —
ot 100 A0 400 Bt, Tssra — ot 50 po 300 MH. YaeAbHBIN
UMIOyAbC TAru — oT 210 po 270 ¢, mpu paboTe 3TOTO
ABUTaTeAsI B KauecTBe pabouero TeAaa MCIOAB3YeTCs
amMmMmuak [7, 8].

CoraacHo wuH(OpMaNuMM U3 UCCAepoBaHUs [9],
MaHHAsl yCTAaHOBKA BKAIOYAET ABAa JAEKTPOHATrPEeBHBIX
ABUTATEASI, OAUH U3 KOTOPBIX SBASIETCSI PEe3€PBHBIM.
XapaKTepUCTUKU 3TOU YCTaHOBKY TAKOBBI: MOIITHOCTh —
100 BT, Tara — 30 MH, a yAeAbHBIN UMIYALC TATH —
230 ¢, Tak>XKe HUCIOAb3yeTCS aMMUaK B KauecTsBe pado-
Yero Teaa.

B Coepunennnix UlraTax 3AeKTpOHarpeBHBIE
ABUTAQTEAU TaK)Ke HAIIAUM IINPOKOe IIpUMeHeHUe.
C 1965 r. B cocrtaBe He MeHee 75 KOCMHYECKHX arl-
IlapaToB, pa3pabaTblBaeMbIX KoMIaHmel Aerojet, uc-
MOAB3YIOTCSI 3AEKTPOHArpeBHble ABuraream MR-501
u MR-502A. O6a 3TuX ABUTaTEASI UCIIOAB3YIOT TUAPA3UH
B KauecTBe pabodero Teaa, moTpedAsieMas MOITHOCTH
cocraBasier 510 Brt, Tara — 330 mMH. Otu aABuraream
npepAHa3HaueHbl AASI MaHeBPOB Ha OpbOHTe, OpuUeHTa-
WU U OAAEPIKAaHUS CTAaOUABHOTO ITOAOKEHUS reocTa-
ITUOHAPHBIX alllapaToB. B OCHOBHOM, 3AeKTpOHAarpeB-
HBIe ABUTaTeAn KoMmaHuu Lockheed Martin HaxoasaT
CBOe TIpUMeHeHVe Ha TreoCTal[MOHApPHBIX allllapaTax
CpeAHEero KAAcca, @ TakyKe Ha MaABIX CIIyTHHUKAaX CBS-
31, cOo3paHHBIX KommaHueln Orbital Science Company

Puc. 1. 3D-MoA€AB DAEKTPOHArpeBHOro ApurarteAs [6]: 1 — oMuyecKkuit HarpeBaTeAsb;
2 — comnAo KaMepsl CropaHus; 3 — KOPIIYC ABHUTaTeAs:
Fig. 1. 3D-model of an electric heating engine [6]:
1 — ohmic heater; 2 — combustion chamber nozzle; 3 — engine housing
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Puc. 2. IlpuHnunuaApHas cxema
3AEKTPOAYTrOBOro Apurarteas [12]:

1 — comnao; 2 — aHOA; 3 — 3aBUXPUTEAD
rasa; 4 — KBapueBasl TpyOKa; 5 — KaToA
Fig. 2. Schematic diagram of the arcjet
thruster [12]: 1 — nozzle; 2 — anode;
3 — swirler of gas flow; 4 — tube made
of quartz; 5 — cathode

Ha 6a3e naaTdopMe StarBus (Hanpumep, Cakrawarta-1).
KpoMe TOro, OHM HCIOAB3YIOTCSI AAS BBIBOAQ CITYT-
HUKOB Ha pabodylo OpOUTYy B paMKaxX CHUCTEMBI CBS-
3u Iridium c¢ npumeHeHueMm nAaTdopmbl LM-700
ot Lockheed Martin [10, 11].

XOTs1 dAeKTPOHArpeBHbIE ABUTATEAU 3apPEeKOMEHAO-
BaAU cebsl KaK Hape’KHble U AOATOBEYHBIE, UX MCIIOAb-
30BaHUe UMeeT OrpaHUYeHHe M3-3a HU3KOU CKOPOCTHU
UcTeueHUs pabouero Teaa, UYTO 3aTPYAHSIET BLIIIOAHe-
HHEe TPAHCIOPTHBIX OIepPaIiui.

B oTrAmume OT HUX, DAEKTPOAYTOBBEIE ABUTATEeAU
(puc. 2) paboTaloT IO IPUHIUIY TEIAOBOI'O yCKOpe-
HUS pabouero BelecTBa, HO BMECTO HarpeBaTEeAbHOI'O
9AeMeHTa UCIOAB3YIOT JAEKTPUYECKYIO AYTY, BO3HU-
KaIoIIyI0 MEXKAY aHOAOM CTepyKHeH (DOpPMBI M KaTo-
AOM, Tak>kKe BBIIOAHSIONIUM (PYHKIIUIO COMAA ABUTa-
Teast. OTa Ayra CO3AaeT TeMIepaTypy TOPEeHUs OKOAO
20 000 K, 4TO CylIeCTBEHHO BAUGET Ha TeMIepaTypy
pabouero Teaa, A@BAEHHE B ra3opas3pspAHOU Kamepe Y,
COOTBETCTBEHHO, Ha CKOPOCTb MCTEUEHUSI M YACAbHBIN
UMIyABC. OTH IapaMeTpbl 3HAQUMTEABHO IIPEBBIIIAIOT
aHaAOTUYHBIE XapaKTEePUCTUKU  OAEKTPOHAIPEBHBIX
ABUTATEAEM: YAEABHBIM UMIYABC — 550 ¢ AAG THApPA3U-
Ha, 1500 ¢ — ang Bopopopa u 854 ¢ — aag aprosa [13].

B oTeuecTBeHHOM ABUraTeAe- U CIYTHUKOCTPOEHUU
9AEKTPOAYTOBBIE ABUTATEAU HAXOAATCS Ha CTAaAUM Pas-
paboTKM U AETHBIE UCIBITAHUS MOKA He IIPOBOAUANCE,
KpPOME 3AEKTPOAYIOBBEIX ABUTATEAEM C MaAOM MOTpe-
OAsTeMOM MOTITHOCTBIO.

AAsL pellleHUs 3apad B 4aCTU YIIPABAEHUS IleAe-
BOY opbuToi u opueHrtanueln KA o6paTuAr BHUMaHUe
Ha DJAEKTPOAYTOBBEIE ABUraTeAn B Hadare 1990-x rr.
XX B., @ IMeHHO o0ecreueHre BEICOKOU TSATU IPU Ma-
ABIX 3aTpaTax MOITHOCTH — mopsiaka 100 Br.

B paGore [14] npUBOAATCA MCCAEAOBAHHS Mano-
MOIJHBIX IIOCTOSIHHBIX TOKOBBIX IIA@3MEHHBIX MUKPO-
ABUTaTeAel MCCAepAOBaHMEe HAIpPaBAEHO Ha OIeHKY
MIPOU3BOAUTEABHOCT MUKPOABUTATEAEM AAS MUKPO-
U HAHOCIYTHUKOB. [IpuBepeH 3AEKTPOAYTOBOU ABHU-
raTeab, HCIOAB3YIOIIMU aproH B KadecTBe paboue-
Tro Teaa. ABUTaTeAb UMeeT MOITHOCTE OoT 5 po 20 BT,
a YAeABHBIN UMIyAbC TATU — OT 800 A0 1000 c. Tara —
ot 0,5 po 2 MH.

B paborte [15] npoBOAUTCST OKCIIEPUMEHTAABHOE HC-
CAeAOBaHME MAaAOMOIITHBIX ABUTATEAEH C MOIITHOCTBIO —
or 50 A0 200 Br. I'lpy MCHBITAHUAX TIOAYYEHBI CAEAY-
IOI7e Pe3YABTATEL YAEABHBINM UMIYALC TATH — OT 400
Ao 700 ¢, Tara — ot 1 po 5 MH. B kauecTBe pabouero
TeAa MCIOAB30BaACS aMMuaK. KOHCTpyKIus ABUTraTeAs
NpeACTaBAsieT COO0M KepaMHYeCcKylo KaMepy C MeAHBI-

MU 3AEKTPOAAMU. YBEAUUeHHe TOKAa IIOBBIIIAAO TATY
U YAEABHBIM HMIIYABC, HO CHHJKAAO SAEKTPUYECKYIO
93 PEeKTUBHOCTE U3-3a MOBLIIIEHUS] TEIIAOBBIX ITOTEPh.

B CIIIA uccaepyeTcs IPOU3BOAUTEABHOCTD ABUTaTe-
Aert ¢ momtHOCTEIO OT 100 A0 300 BT AT omITMMM3AIIN
paboTHI B COCTaBe MUKPOCIYTHUKOB. [1py MCHBITaHUAX
HCIIOAB30BAACS @pPTOH U a30T U MOAYUYEHBI CAeAYIOLINe
MAHHBIE: YAABHBIN uMIyAbC — OT 500 po 800 ¢, Tara —
oT 2 po 7 MH. I'lpu HOBBIIIEHWM TOKA YBEAMYUBAAACH
TSITa ABUTAQTEAs], HO IIPU OTOM MaKCUMaAbHas 3ddek-
TUBHOCTb 3a(PUKCUpOBaHa IIPU CPeAHEN MOIIHOCTU
okoao 200 BT. B pesyabTaTe paOOT BEIIBAEHO, UTO OII-
TUMHU3allUsl TeOMEeTPUU COIIAA M IlapaMeTPOB NUTAHUS
KPUTHUYHBI AAS IIOBBINIEHUS 3(deKTuBHOCTH. B X0pA€
WCHBITAHUN ObIAA TIOATBEpP>KAE€HA ONTHUMaAbHasi paboTra
ABurareas [16].

YuenslMu B paboTe [17] mpeacTaBAeH ABUTATeAb
C Ta30pa3psiAHOM KaMepoW U3 BBEICOKOTeMIIepaTyp-
HOM KepaMUKU C YAYUIIeHHOM CHCTEeMOU OXAa’KACHUS;
SAEKTPOABI BHIITOAHEHHI 13 BOAB(MPaMa C ONTUMU3UPO-
BAHHOU (DOPMOM AASL CHMDKEHMs 3po3uu. [Ipu ucnera-
HUSX MOAYUYEHBI CAEAYIONIe Pe3yAbTATHL IIopaBaeMasi
MomHOCcTh — OT 100 po 400 BT, yA€ABHBIN HMMITYABC
Tsairu — oT 600 po 850 ¢, a Tsra — ot 3 Ao 9 MH. Mak-
cuMaAbHasg 3(PPEeKTUBHOCTL ABUTaTeAs 3apUKCHpOBa-
Ha IIpU IIopaBaeMoM MoIHocTu — 250 Br.

B pa6ote [18] mpeacTaBAeH TOAPOOHLIM aHaAW3
U JKCIepHUMEeHTaAbHLIE Pe3yAbTaThl ABUTATEeAs. ABH-
raTeAb C BOAOPOAHBIM AW KCEHOHOBBIM paGodumM Te-
AOM, C AeKTPUYECKUM Pa3psiAOM B KaHaAe AaMeTpOM
10 MM u aanHOM 50 MM. Ilpm HUCHBITAaHUAX MOAYYEHBI
CAeAyIolllie Pe3yAbTaThl: IoAaBaeMasi MOIIHOCTb
or 200 po 350 Br, yaeABHBINM UMIYABC TAru — OT 600
20 800 ¢, a Tara — oT 15 po 25 MH. [IpoBeapeHBI AAU-
TeAbHBIE WCHBITaHUS Ha CTaOMABHOCTE pPabOTHI ABH-
raTenss 6onee 100 wacoB 6e3 3HAUUTEABHOTO U3HOCA
S5AeKTpPOoAOB.  Vcmoab3oBaHMe — ONTUMU3MPOBAHHON
OopMBI aHOAA M KATOAA IIO3BOAUAO CHHU3UTH IOTEPHU
U IMOBBICUTH 3(PE(OEKTUBHOCTL pPAOOTBL IIPU HU3KOU
MOIITHOCTH. VI3MepeHHs: TeMIepaTyphbl IIAA3MBI ITOKa-
3bIBatoT 3HaueHust mopsiaka 10000 K B 30He paspsipg,
YTO COOTBETCTBYeT 3(p(PeKTUBHOMY HarpeBy pabodero
TeAa.

B CIIIA paccmaTpuBanrach pa3padoTKa M UCHBITaHUS
ABUTaTeAeH C OUYeHb HM3KOM MOIIHOCTBLIO CIIeIIHaAbHO
A CubeSat 1 ApyrUX MaABIX CIIYTHUKOB, U3TOTOBAEH-
Hasl ra3opaspsizHas KaMepa M3 BEICOKOTeMIIepaTypHOHN
KepaMHKU. VIHHOBaAIlMOHHAsI CHCTeMa IIOAQ4YM paboue-
TO TeAa C TOUHBIM AO3MPOBAHMEM IIO3BOAUAA ITOBBICUTH
IIMKA PaOOTHI C MOCTOSIHHBIM YPOBHEM TATU U TeMIlepa-
Typsl A0 10 4. B X0A€e 3KCIIEepUMEHTAABHOU OTPAOOTKU
BBIIBAGHEBI CAGAYIOIIYE ITapaMeTphl: IToAaBaeMast MOIIl-
HOCTb — OT 30 A0 120 BT, yA€ABHBIN UMITyABC TSATH —
oT 400 po 650 ¢, Tara — oT 1 po 5 MH. IMoarBep>xpeHA
3(pPEeKTUBHOCTL AT pabOT, CBSI3@HHBIX C HEOOABIIION
opOUTaAbLHOM Koppeknuei [19].

B Taba. 1 coOpaHBEI M CUCTEMATU3UPOBAHBL OTEYe-
CTBEHHBIe M 3apyOe’kKHble MCCAEAOBAHUS, ITOCBSIIEH-
HBIE OAEKTPUYECKUM ABUTAQTEASIM, UCIIOAB3YIOIIMM Te-
IIAOBOe yCKOpeHHe pabouero raza M OTANYAIONUMUCS
HU3KUM YPOBHEM NOTpeOAseMON MOIIHOCTH.

ABUraTteAmu ¢ 3A€KTPOMarHUTHBIM
yCKopeHHeM pabouyero reaa
HpI/IHLH/IH YCKOpeHUsA OCHOBBIBAETCI Ha TOM, YTO
BO BCEM DKBUIIOTEHIIMAABHOM IIPOCTPAHCTBE MAA3MEH-
HOTO 00pa30BaHUS IPOXOAAT TOKU U IIPU B3aMMOAEU-
CTBUU C MAI'HUTHBIM IIOAE€M BO3HHKAET CHUAA AMnepa
(9AeKTpOMarHuTHas), 3a HUCKAIOUEeHHeM OOAaCTH paB-
HOU papuycy Aebasd, TAe IPOUCXOAUT MOHU3AIUA pa-



Tabauna 1. dreKTpuyecKne pakeTHble ABUTAaTEAU C TEIIAOBBIM yCKOpeHHeM pabodero Teaa [20]

Table 1. Electric rocket engines with thermal acceleration of the operating body [20]

ABuraTtennb Pa6ouutt ra3 MomnocTs, BT Tara, MH YAGABHBIN UMITYABC, C CrpaHa-pa3paboTuuK

OHA-15 AmMEaK 100...400 50...300 210...270 Poccus [7, 8]
— AvMmak 100 30 230 Poccus [9]
- Apron 57 20,3 854 Poccus [14]
_ AproHoMuHOpHBIE cMecH/ 50...120 1.5 400...650 CIIIA [19]

Asot

- Aszor/Apron 100...300 2. 500...800 CIIA [16]
- Apron 100...400 3.9 600...850 CIHIA [17]
- Aszor/Apron 50...500 0,1...1 400...600 CIIA [14]

BGT-X5 I'mppasusn 20 500 220...225 CIIA [21]
- Kcenon 200...350 15..25 600...800 CIIIA [18]
- AmMMuak 50...200 1..5 400...700 CIIA [15]

0oYero TeAa 3a CuYeT Pa3HUILI MOTeHIUaA0B. OAHUM
U3 MEepPCIeKTUBHBIX ABUTATeAeN SIBASETCSI CTallMoHap-
HBIM ITAA3MEHHBIN ABUTATeAb [22, 23].

HcTopust co3paHUST OTEUYECTBEHHBIX CTaIllMOHAp-
HBIX TIAA3MEHHBIX ABUTraTerel HauuHaeTrcsd c 1971 1.
B OCHOBHOM AASI KOPPEKTHUPOBKYU paboueil opoutsr KA.
T'onoOBHEIM pa3dpaboTuukoM ABuratrereit seasgercas OKB
«®Daken», rae OblAM paspaboranbl ABuratean CIIA-
50 momaocThIO 350 BT, CITA-60 momrHOcThIO 500 BT
(puc. 3), yCHELIHO IPOIIeAllNe AETHBle HCIBITAaHUS
B nlepuoa, 1971 — 1977 rr. [24].

AAST ABUTQTEABHBIX YCTAHOBOK MaAbIX KA paspaba-
TBIBAIOTCSI ABUTaTeAH, paboTalolliye 0 NPUHIUIY 3d-
(dekTa X0AAq, ¢ TOTpedAsTeMON MOIIHOCTBIO A0 500 Br.

B CIIA pa3pabotan HOHHBIM ABUTaTeAb NASA
NSTAR (NASA Solar Electric Propulsion Technology)
B 1990-x TT. AAST MeXXIIAAaHEeTHBIX Muccuil. OH HCITOABL-
3yeT 3AeKTpUUecKoe MOAe AAS YCKOPeHMsI MOHOB Kce-
HOHa AO BBICOKOM CKOPOCTH, UTO oOecIleurBaeT OYeHb
BBICOKAM YAEABHBIM MMIYAbC (mopsiaAka 3100 c), 3Ha-
YUTEABHO IIPEBOCXOAAIINM MOKa3aTeAn XOAAOBCKUX
ABUTaTeAen [25].

B HacTtogIee BpeMs IPOAOAKAIOTCA UCCAEAOBAHUS
U pa3paboTKU ABUTaTeAeM C SAeKTPOMArHUTHBIM YCKO-
peHHeM pabodero Teaa, OCHOBAHHBIE Ha y>Ke H3BeCT-
HBIX CXeMaX. YueHble paboTaroT Hap yAyYlIeHHEeM Teo-
METPUU ABUTATEAEU AAS ONTHMHU3AIUU KOH(Urypauuu
MarHUTHOTO IIOAS M MAarHUTHOU CHUCTeMBI [26].

B CIIIA paspaboran pABurareab MPS-130 komnaHu-
el Aerojet Rocketdyne aAst MAaABIX 1 MUKPOCITYTHHKOB,
NIpPeACTaBAEHHBIN Ha puc. 4. ABUTATeAb UCIOAL3YeTCs
B psiAe KOMMepYeCKUX U HAay4YHBIX Muccuil. FMimeq raba-
PUTHI ¥ HU3KYIO MacCy, ABUTQTEAb HAXOAUT OITHMAaAb-
HOe WCIIOAB30BaHMWE B TAAT(OpPMax C OrpaHUYEeHHBIM
o0BeMOM M Maccoi. B kKadecTBe pabouero Teaa Hc-
MOAB3yeTCsI KCeHOH. [Ipu UCHBITaHUAX BBIIBAEHEBI CAe-
Aylolllyie XapaKTepUCTUKU: ITOAaBaeMass MOIUIHOCTb —
130 BT, yaeabHBEIM nMnyAbc Tarrn — o 1500 po 2000 c,
Tara — 5 MH. I'loryyeHHas Tdara o3BOAsET BBIIOAHATH
MaHeBPHI IO KOPPEKIWU OPOUTHL M YIPaBAEHHUIO IIO-
AOKeHHeM anmnapara [27].

3a rpanutieii 6bIA co3paH ABurateab BHT-200 (puc.
5) ¢ YyHHMKaABHOM KOHCTpyKUuel. ['eomeTpus ABurare-
Al TIPEACTaBASIET COOOM KOABIIEBOU KaHaA AUAMEeTPOM
40 — 50 MmMm. Takoe KOHCTPYKTHUBHOE peIIeHue II03BOAL-
€T YMEHBIIUTb CBOOOAHBIM IIPOOer HEeUTPaAbHEBEIX aTo-
MOB, YTO CO3AA€T YeTKyIO IPAaHUIy Me’XKAY KOAbIIeBOMU
U IUAMHAPUYECKOM 30HAaMM, TAe IPOUCXOAUT MOHM3a-
umsg pabouero Teaa. VcnblTaHUs AQHHOTO ABUTaTeAs
TOKa3aAu IIPU MCIOAB30BAHMH KCEHOHa B KadecTBe
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Puc. 3. IlpuHuunuasrpHas cxema
CTaI[MOHAPHOTO MAAa3MeHHOI0
ABurarteas [24]:

1 — aHOA-TazopacrnpeAeAuTeAb;

2 — KaToA-KOMIIEHCaTop;

3 — paspsipHast KaMmepa;

4 — MarHuTHasl CUCTeMa;

5 — MarHuTOmpoBoA; 6 — cepAeYHUK
Fig. 3. Schematic diagrams of a stationary
plasma engine [24]:

1 — anode; 2 — cathode; 3 — discharge
camera; 4 — magnetic system;

5 — magnetic conductor; 6 — core

pabodero Teaa CAEAYIOLIMEe pe3yAbTaThl: IIOAaBaeMast
MouiHOoCcTh — 200 BT, yAeAbHBIM mMoyabc — oT 1400
2o 1600 ¢, Tara — 27 mH [28].

B paGote [29] npeacTaBAeH YyIAyOAEHHBIM aHAAU3
IUAMHAPUYECKOTO XOAAOBCKOTO ABUTATEAsI C AMaMe-
TPOM aHOA@ OKOAO 2—3 cM. Ocoboe BHUMaHUE yAe-
AE€HO XapaKTepUCTHUKaM INAa3Mbl U CHUJKEHUIO IIOTepb
3a c4YeT ONTHMMM3alud MarHUTHOrO IOAd. [1Ipu mcHel-
TaHUSIX IIOAYUEHBI CAeAyIOUIMe XapaKTepPUCTHUKU: IIO-
paBaemast MowHOCTE — OT 100 po 1000 BT, yAeAbHBINU
umnyasc — ot 1200 po 1800 ¢, tara — po 15 mH. Ot-
MedeHa BBICOKas CTAOMABHOCTH PAOOTEI NPU HU3KUX
MoiHocTax [30].

B pa6ore [31] mpoBepaeHO moappobHOe PIC-
MOAEAUPOBaHUe B3aUMOAENCTBUS 9AEeKTPOHOB
CO CTeHKaMt B XOAAOBCKOM ABHUTATEAE, UTO SIBASETCS
KAIOUEBBIM  (PaKTOpPOM 3(PPEKTUBHOCTU U CTAOUAL-
HOCTU paboTel. PaccMOTpeHO BAMSIHUE BTOPUYHOM
aneKkTpoHHOM smuccum (SEE) oT cTeHOK Ha pacnpepe-
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Puc. 4. ABuratear MPS-130 pacrnoao>KeHHBIH
Ha CubeSat [27]
Fig. 4. MPS-130 engine located on the CubeSat [27]

Puc. 5. ABurateap BHT-200 [28]
Fig. 5. BHT-200 thruster [28]

AeHHe IAOTHOCTHU IIAA3MBI U IMOTEeHIIMaA0B. MoAeAupy-
€TCsI OCECUMMETPUYHBIN pa3psip B YCAOBUAX, OAU3ZKUM
K OJKCIEepUMEHTAaABHBIM IIapaMeTpaM MaAOMOIIHOTO
XOAOBCKOIo Apurareas (mopsiaka 100 Br). ITpoBopuTt-
Csl @HaAM3 BAMSHUS MArHUTHOTO IOASI Ha TPaeKTOPHUU
SAeKTPOHOB U X IOTepU Ha CTeHKHU. [IpearosKeHBI
PEeKOMEeHAQIIUN 10 KOH(MUIypalluM MarHUTHOTO IOAS
ANST YMEHBIIIEHUsT YHEePTOBLIAGACHUSI Ha CTeHKaxX U IIo-
BBIIIEHUST YAEABHOTO MMIYAbCa. TakKKe OTMEeUYeHO, 4TO
CHIKEHUe TTOTepb 9AeKTPOHOB Ha CTEHKHU 3a CYeT OIl-
TUMU3AIUNA MArHUTHOTO IOASI TIOBBINIAeT 3(PdeKTUB-
HOCTBL ABUraTens Ao 40—50 %.

B pabGore [32] mpeacTaBaeH 0030p COBpEMEHHBIX
HaIllpaBAEHUN HCCAEAOBAHUY U pPa3pabOTOK B 0OAACTH
SAEKTPUYECKOU NAA3MEHHOU TAr'M Ha npumepe [Ipun-

CTOHCKON Aabopatopuu maa3Mbl  (Princeton Plasma
Physics Laboratory). PaccMOoTpeHBEl HMHHOBAIJMOHHBIE
KOHIIENIIUM TIAa3MEHHBIX ABUTaTEAeH: MarHUTOTHAPO-
pAuHamudeckre (MHD), HMHAYKIMOHHEIE, XOAAOBCKHE
Y VOHHBIE ABUTaTEeAM HOBOTO IOKoAeHUs. [IpuBepe-
HBI KOHKDETHBIe 3KCIlepUMeHTaAbHBIe AQHHBIE IO 3(-
(heKTUBHOCTU M YAEABHOMY HUMIIYABCY Pa3AUYHBIX THU-
IIOB ABUTaTeAel. XOAANOBCKUE ABUTATEAU C YAEABHBIM
umnyabcoM or 2000 po 3000 ¢ mpu sdderkTuBHOCTA
A0 60—65 %. MHD-pBUTaTeAM C IIOTEHIIMAAOM IIOBBI-
IIeHNUsT MOIITHOCTH W TSATHU AAST MEJKIIAQHETHBIX MUC-
cuii. OnucaHbl HOBBIe METOABI yIIPAaBA€HMSA IAA3MON
C TIOMOIIBIO CAOSKHBIX MarHUTHBIX KOH(MUTypalul, 4To
IIO3BOASET CHU3UTL IOTEPU IAEKTPOHOB M IOBBICUTH
CTaOUABHOCTb pa3pspa. [IpeacTaBAeHBI pe3yAbTATEL
HUCHBITAHUN IPOTOTHUIIOB C PpaO0YUM TEAOM — KCEHOH,
a Tak’Ke IepPCIeKTUBHLI HMCIIOAL30BaHUSI aAbTEpPHATUB-
HBIX raszoB. Oco6oe BHHMaHHEe YAEAEHO HHTerpanun
IIAA3MeHHBIX ABATaTeAel B MaAble CIIYTHUKU C OTPaHU-
YeHHBIMM MaccorabapUTHBIMU ITapaMeTpaMu.

Hcnoab3oBaHne MarHUTHOM CHCTEMBI C OITHUMHU-
3UPOBAHHBEIM paCIpPEACACHUEM IIOAS AAS CHIDKEHUS
IIOTepPb SAEKTPOHOB U IOBBINIEHUS] YCTOMUYUBOCTH Pas-
psgpa. KoHcTpyknus aHopa M KaTopa obOecrednBana
CTaOUABHYIO PaboTy 0Oe3 3HAUUTEABHBIX JPO3UH INPHU
MUTEABHBIX HCIBITAHUAX. VI3MepeHUS NAa3MeHHOIO
TIOTOKa M PacIpepeAeHUs] dHEepPTrHH IOKa3aAd pPaBHO-
MEpPHOCTb M CTaOMABHOCTL IIA@3MEHHOTO IIOTOKa, 4TO
Ba’KHO AASI TOYHOTO MAHEBPUPOBAHUS MAaABIX CIyTHU-
KOB. [IpodrAu CKOpPOCTHM M IAOTHOCTH HOHOB OBIAU
IIOAYUYEeHBI METOAOM Aa3ePHOU CIEeKTPOCKOIIUM, YTO
IIO3BOAMAO OII€HUTH OAHOPOAHOCTH IIAA3MEHHOIO IIO-
TOKA U MUHUMHU3UPOBATH 3(PHEKTHl PeBEPCUBHOIO I10-
TOKa. B pe3yabTaTe MCHLITAHUN ITOAYIEHBI CAEAYIOIITIE
XapaKTepUCTUKU: I[IopaBaeMas MOLIHOCTH — oT 100
20 500 BT, yaeapHBI uMmyAabc — oT 1200 po 1600 c,
Tiara — oT 3 Ao 8 MH. MakcumanabHas 3(ppeKTUBHOCTD
ABUTaTeAsd pocturara 45—50 % mpU MOITHOCTH OKOAO
300 Bt [33].

B CLIA paszpaboTaH XOAAOBCKHU ABUTAQTEAb, OPU-
eHTHUPOBAHHBIA Ha UCMOAB30BaHHe B CubeSat u Apyrux
MaABIX KOCMUUECKHUX anlapaTax. B ABUraTene UCIOAb3Y-
eTcsI KOMIIaKTHAasi MaTrHUTHAsI CUCTeMa C IIOCTOSHHBIMU
MarHUTaMU AASL YIPOIIeHUsI KOHCTPYKITUN U CHU>KEeHUS
Macchel. B pe3yabpTaTe UCHBITAHUN IIOAYYEHBI CAEAYIO-
IIYe XapaKTePUCTUKU: I0AaBaeMas MOIIHOCTL — OT 80
20 120 BT, ypaearHBI nMmmyAabec — oT 1200 po 1400 c,
Tiara — oT 1,5 po 3 MH. [IpoBepeHBI AAUTEABHBIE UCIIBI-
TaHUs Ha CTAaOUABHOCTB pabOTHI ABUTaTeAs A0 S50 yacoB
0e3 3HAaUMTEABHOU AeTrpajpaliiy KOMIIOHEHTOB. VIcIoAb-
30BaHUEe MUHUATIOPHON MAarHUTHOW CUCTEMBI IIO3BOAHU-
AO AOOUTHCSI KOMHIAKTHOCTH MW HMU3KOU MacChl (MeHee
500 r), uro KpuTnyHO AT CubeSat [34].

CpaBHUTEABHBIN aHAAU3 OTeUYeCTBEHHBIX M 3apy-
Oe>XHBIX ABUTATeAeM C 3AeKTPOMArHUTHBIM yCKOPeHU-
eM paboyero Teaa MpPeACTaBAEH B TaOA. 2.

Tabauna 2. dreKTpUYeCKne paKkeTHbIe ABUTAaTEAU C SACKTPOMAarHUTHHIM YCKopeHueM pabouero teaa [20]
Table 2. Electric rocket engines with electromagnetic acceleration of the operating body [20]

ABUrateab Paboueti ras MorHocTs, Bt Tsara, MH :;ﬁ;i:gi CrpaHa-pa3paboTuuk

- Kcenon 80...120 1,5..3 1200...1400 CIIA [34]
BHT-200 Kcenon 200 27 1400...1600 CILIIA [28]
MPS-130 Kcenon 130 5 1500...2000 CLIA [27]

- Kcenon 100...1000 15 1200...1800 CLIIA [29]

- Kcenon 100...300 3.8 1200...1600 CIIA [33]

— Kcenon 15...30 0,7..1,2 900...1200 Poccus [39]
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Puc. 6. IIpuHnunuasbHasl cxeMa HOHHOTO
ABUTaTeAs] C pa3psSAOM IIOCTOSIHHOTO ToKa [26]:
1 — MarHUTONpOBOA; 2 — 3MHUCCUOHHBIA
IAEKTPOA; 3 — YCKOPSIIOIIMI SAEKTPOA;

4 — 3aMeAASIONIUM DAEKTPOA;

5 — KaToA-HeWTpaAuszartop; 6 — aHoA;

7 — DAEKTpPOMarHur;

8 — Karop; 9 — mopaua pabGouero Teaa;

10 — rasopa3spsiAHasi KaMepa
Fig. 6. Schematic diagram of an ion engine with
a DC discharge [26]:

1 — magnetic conductor; 2 — emission
electrode; 3 — accelerating electrode;

4 — slowing electrode; 5 — cathode-neutraliser;
6 — anode; 7 — electromagnet;

8 — cathode; 9 — delivery of the working body;
10 — discharge camera

ABUTaTeAHn C 3AeKTPOCTaTU4eCKUM
yCKOpeHueM pabouyero teaa

[Npunnun paboTbl 3AEKTPOCTAaTHYECKOro yCKOpe-
HHUs pabouero Teaa OCHOBBIBAETCS Ha CO3AAHUM DAEK-
TPUYECKUX IIOAEH, KOTOPBIE CIIOCOOCTBYIOT YCKOpe-
HUto. YTOOBI MHMHMMHM3UPOBATH BAUSHHE 3AEKTPOHOB
Ha IIpoIecC YCKOPeHUe HMOHOB, B KOHCTPYKIMIO HeOO-
XOAMMO BKAIOUATh CeTYaTble 3AEKTPOABI UAW HUCIIOAB-
30BaTh B3aMMHO IIePIeHAUKYASIPHBIE DAeKTpUYeCcKHue 1
MarHUTHBIe TIOAd. B HacTosilllee BpeMsi MOHHBIE ABU-
raTenst IPEACTABASIOT COOOM INepCIEKTUBHOE HallpaB-
A€HHe NPUMEeHEHUS IAEKTPOCTATUYECKOTO MeXaHU3Ma
yckopeHusa [36 — 37].

Cyl1ecTByIOT TP OCHOBHBIX THIIA MOHHBIX ABMTa-
TeAel: C pa3psAOM IOCTOSIHHOTO TOK@, BBICOKOYACTOT-
HBIM PaspsiA\OM U CBEPXBBICOKOYACTOTHBIM pa3psA0M
[26, 38].

HMoHHBIN ABUTATEAb C Pa3psAOM IIOCTOSHHOIO TOKA
IpeACTaBAEH Ha puc. 6. B ABUTaTeAsIX ¢ MOCTOSHHBIM
TOKOM MOHM3aIMs IPOUCXOAUT BCAEACTBUE CTOAKHOBE-
HHUU aTOMOB C 3A€KTPOHAMM B ra3opas3psiAHOM KaMmepe.
OHeprus AAsl Ipollecca MOHM3aluu obecIeunBaeTCs
IIOCTOSAHHBIM JAEKTPUYECKUM IIOAeM. AT 3AIUTEL aHO-
AQ OT BO3AEUCTBUSA SAEKTPOHOB CO3AAETCS MArHUTHOE
noae [32].

B nOHHBIX ABUTraTeAsIX, pabOTaIOIIMX Ha OCHOBE BHI-
COKOYaCTOTHOTO paspsipa (puc. 7), noHm3anus pabode-
TO BellleCTBa IIPOUCXOAUT OAAropapsl CTOAKHOBEHUSIM
9AEKTPOHOB ¢ aroMaMu. OAHAKO, B OTAMYUE OT ABHUIA-
TeAel C IIOCTOSHHBIM TOKOM, 3AeCh SHeprus IIOCTyIla-
eT U3 NIePEMEHHOI'0 JAEKTPUUECKOTo IIoAd. Baaropaps
U3MeHEeHHUIO YaCTOThl 3AeKTPOMArHUTHOTO U3AyUYeHUs
BO3MOJKHO CO3AaHHME PA3AMYHBIX KOH(MUTypaluul ABU-
raTeAed, 4TO TaKyKe 3aBUCHUT OT XapaKTePUCTUK BHeIII-
HEro MarHUTHOTO IOAsI. KAIOUeBBIM IIPEUMYIeCTBOM
TAKUX CHUCTEM SBASETCS OTCYTCTBUE IJAEKTPOAOB, KO-
TOpBle TPEeOYIOTCST AAS TIOAAEP’KAHUSA CTaOKUABHOI'O
ra3oBOTO pPa3psip@ B BAEKTPONAA3MEeHHBIX YCTPOMCT-
Bax [26].
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Puc. 7. IlpuHIunuasbpHasl cxeMa HOHHOTO
ABHUTaTeAsI C BBICOKOYaCTOTHBIM
paspsipoMm [26]:

1 — BBICOKOYACTOTHas KaTyIIKa;

2 — rasopaspsizHas Kamepa;

3 — KaToA-HeWTpaAu3aTop;

4 — WOHHAas ONTHKAa
Fig. 7. Schematic diagram of a high-
frequency discharge ion engine [26]:

1 — high-frequency coil; 2 — discharge
camera; 3 — cathode-neutraliser;

4 — ionic optics

B Coepunennnix Illtatax cuaramm NASA OBIA CO3-
AAH IIPAMOM HACAEAHUK HMOHHOTO ABUTrATEAsl C IIOCTO-
SHHBIM TOKOM 8-cm XIPS, ¢ yAyullleHHBIMU XapakTe-
PHUCTUKAMU TO TATe, YAEABHOMY HMIIYABCY U PeCcypcy
[39]. VMouublt ABUTaTeAb C TI'PaBUTAIJMOHHLIM YCKO-
peHueM HWOHOB KCEHOHa C AMAMEeTPOM CEeTOK OT 8
20 10 cm. OCcOOEeHHOCTBIO KOHCTPYKIIUU SIBASIETCSI BHE-
APeHHe CUCTeM aKTUBHOI'O OXA&KAEHUSI CETOK AAS I10-
BBIIIIEHUSI pecypca, a TaK’Ke HCIOAb30BaHHe HOBBIX
CIIA@BOB AASI CETOK C MOBBIIIEHHOUW CTOMKOCTBIO K 9PO-
3un. [IpopeMoHCTpUpOBaHa cTaOUABLHAsE paboTa CBEBIIIE
10000 u Ge3 cylleCTBEeHHON Aerpapaliuu. B pesyabraTe
HUCIBITAHUM IIOAYYEHBI CAEAYIOIINe XapaKTepUCTUKU:
nopaBaemasi MouiHocTb — oT 1000 po 5000 BT, yaeab-
HBIM uMnyAbc — A0 4000 c, tara — ot 30 po 70 mH.

B pa6Gore [40] mpeAcTaBAeH HOHHBIM ABUTATEAb
NASA NEXT-C (NASA Evolutionary Xenon Thruster —
Commercial), KOTOpPBIM Tak’ke SIBASIETCSI DBOAIOIHEN
ABurateaer cepum XIPS u apanTUpoBaH KaK AAS Ma-
ABIX CITyTHUKOB, TaK M AAsI TAyOOKoro kocmoca. [Ipo-
AEMOHCTPHUPOBaHa cTabuAbHasa paboTa crimle 20000
B Aa00PaTOPHLIX YCAOBUSIX Oe3 CYIIeCTBEeHHOU Aerpaja-
nuu. B pe3yabTaTe UCHBITAHUU ITIOAYYEHBI CACAYIOLITE
XapakKTepUCTUKHU: IIopaBaeMasi MOITHOCTH — oT 500
A0 7000 Bt, yaeabpHBIM uMnyAbc — oT 2800 po 4200 c,
Tara — oT 20 po 236 MH. PeryanpoBka MOITHOCTH TIO-
3BOASIET UCIIOAB30BATh ABUTATEAb Ha PA3AUYHBIX IIAAQT-
dopmax, BKAIOYAsT MaAble CITyTHUKU.

I'pynmnoii y4yeHBIX IIPEACTABAEHBI PE3YABTATHL Pas-
paboTKM ¥ WCHBLITAHUH YCOBEPIIEHCTBOBAHHOTO dYe-
TBIPEXCETOYHOTO HMOHHOTO ABHraTeass NASA/Caltech
C BBICOKUM YCKODSIOIIUM Halpsi>KeHUeM AAS AOCTHU-
SKeHUsI yAeAbHOro mMmyAabca cBbilile 10000 c. B xon-
CTPYKIIUU UCIIOAB30BaHbI HOBBIE MaTepPHaAbl AASI CETOK
C TIOBBIIIEHHON YCTOMYMBOCTBIO K 3PO3UMU ILPU BHICO-
KUX HAIPSUKEHUSX. B pes3yabTaTe WMCIBITAHUH IIOAY-
4YeHBl CAeAYIOIIVe XapaKTepPUCTUKU: [IopaBaeMasl MOIII-
HocTb — OT 3000 po 7000 BT, yA@ABHBIM HMMIIYABC —
ot 7000 pao 11000 ¢, tara — ot 50 po 120 mH. Iloa-
TBep>KAeHa BO3MOKHOCTH MAaCIITabMPOBaHUSA TEXHOAO-
TUU AASL MEKIIAQHETHBIX MUCCHUU C AAUTEABHBIM CpPO-
KOM CAY>KOHI [41].

B SlnoHmu yyeHble pa3paboTarl MUKPOUOHHBIN
ABUTaTeAb Ha 0a3e MUKPOBOAHOBOIO paspsipa ¢ 0es-
9AEKTPOAHBIM IIAA3MEHHBIM HCTOYHMKOM AMAMETPOM
3 cm. Takske TIpeACTaBAeHaA MHTETPUPOBAHHAsA CHCTEMa
YIPaBA€HUsI MOITHOCTHIO MUKPOBOAHOBOTO TeHepaTopa
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Puc. 8. Monnsiit Apurareab MiXI ¢ moasiM KaTopoM [44]
Fig. 8. MiXI engine with miniature hollow cathode [44]

Puc. 9. MoaeAab noHHOro MukpoAsurareas [20]: 1 — ycKopureas, reHepaTop MAa3Mbl;
2 — OUAMHAPUYECKHH pe30HaTop; 3 — TOPOUAAABHBIN pe30HaToOp;
4 — AMAaTOMeTpPUYECKUM KAamaH
Fig. 9. Ionic micro-engine model [20]: 1 — plasma generator; 2 — cylindrical resonator;
3 — toroidal resonator; 4 — dilatometric valve

c BeicokuM KIIA (mopsaka 85 %). CucreMa oxaa’kpe-
HHUS C TEIAOBBIMU TPYOKaMH AASL CTAOMABHOM PabOTEI
NIPU AAUTEABHBIX BBIKAIOUeHUSX. [IpopeMOHCTpUpoOBa-
Ha cTabuabHas padoTa cBblile 500 1 6e3 cyllecTBeHHON
Aerpajpali XapaKTepPUCTUK. B pe3yabTaTe UCHIBITAHUNA
TIOAYYEHBl CAEAYIOUIMEe XapaKTePHUCTHKHU: IIopaBaeMast
MomHOCTE — OT 10 po 30 BT, yAeABHBIM MMIIyABC —
ot 2000 a0 3500 c, Tara — ot 0,3 po 1 MH. Tsara ao-
CTaTOYHA AASl MaHEBPOB MUKPO- M HAHOCIYTHUKOB
Ha HU3KOM opbuTte 3emMau [42].

TaxsKe SITOHCKUMM yUYeHBIMU pa3paboTaH yAyUIIeH-
HBIM MUKPOUOHHBIN ABUTATEAL C MUKPOBOAHOBBLIM pas-
PSAOM, B KOTOPOM ONTHMU3MPOBAaHA KOHCTPYKIUS Ka-
MepBhI A PaclIupeHus oO0beMa MAAa3Mbl U IOBBIIIEHUS
apdexkTuBHOCTU. [IpopAeMOHCTPHpPOBaHa CTabUAbHAs
pabota cBoilile 300 4. B pe3yabTaTe HUCHBITAHUMN IIOAY-
YeHBI CAEAYIOIINe XapaKTePUCTUKH: ITopaBaeMast MOII-
HOCTb — AO 25 BT, ypaeapHBIN uMnyabc — A0 3600 c,
Tara — A0 1,2 MH. 3a cueT cHUIKeHUS HOTEPHh 3apsAa
U YyAyUIIeHUs MOHU3AUUU YAAAOCH MOAHATE KITA ABU-
rateast Ha 15 % [43].

B Slnonuu pazpaboTaH MOHHBIN ABUTATEAb C O0BEM-
HBIM DPa3psgAOM (puc. 8). ABuUraTeab BXOAUT B yCTa-
HOBKY MiXI (Miniature Xenon lon thruster), koropasa
YCIeIIHO TPOIIAA MCHBITAHUS Ha OOPTYy MAABIX CITyT-
HUKOB B paMkax muccuii ESA u JAXA; 3adpuKcrpoBaHO
yIpaBAeHHe MaHeBPaMU OPOUTHI C TOUHOCTBIO TOPSIA-
Ka HECKOABKMX MeTpoB. 3adUKCHUpOBaHa CTaOUAb-
Hasg paboTa ABHUTaTeAs] B TeueHHe HEeCKOABKHX COTeH
4acoB. B pesyabTaTe HCHOBITAHUM IIOAYYEHBI CAEAYIO-

1IYe XapaKTepUCTHUKU: [I0AaBaeMast MOLIHOCTL — OT 50
20 300 BT, yaeapHBIM uMImyAbc — oT 1500 po 2500 c,
Tara — oT 0,5 po 5 MH. B kauecTBe pabouero Teaa
HUCIOAB30BAACSI KCeHOH. TakyKe AOCTUTHYTa MUHHUMAaAb-
Hasi 9pO3UsI HIAEKTPOAOB 3a CUET ONTHMH3aIUU IOTeH-
IUAAOB U MATEPHUAAOB IIOKPBITUA [44].

B pabGore [45] onuceiBaercs pa3paboTka U IIO-
AeTHasg AEMOHCTpalMs TI'PaBUTAIJMOHHO-YCKOPSIEMOIO
MOHHOTO ABUTATeAs] C KCEHOHOM B KauecTBe pabouero
Teaa. [ToreTHBIEe UCHBITaHUS IPOBEAEHBI Ha OOPTY Ha-
HOCIIyTHHKA B paMKax muccuu JAXA, IOATBEPAUBIITE
CTabMABLHOCTE PabOTHI ABUTATEAsI B YCAOBHUSX KOCMO-
ca B Teuenue Ooaee yem 100 y HenpepbIBHOU pabOTHI.
B pesyabTaTe WCHOBITAHUM IOAyYEHBI CAEAYIOLINe
XapaKTEepUCTUKU: IIoA@BaeMass MOUIHOCTL — oOT 80
20 250 BT, yaeabHBIN umnyabc — oT 1800 ao 2200 c,
tara — oT 0,5 po 4 MmH. Vcnnoab30oBaHa MHTErpUpOBaH-
Has CUCTeMa IIOAQYM KCEHOHAa C TOYHLIM PeTryAMpOBa-
HHeM pacxopa rasa. AOCTUTHYTa MUHUMAaAbHAsA 3PO3UI
5AeKTPOAOB 3a CUeT IPUMEeHEeHMs MOKPBITUN U3 TyTo-
MIAABKUX MaTepHUarOB.

B CIIA pa3paboTaH MUKPOUOHHBIM ABUTATEAb
C TIA@3MEeHHBIM MCTOYHUKOM Ha OCHOBE MHKPOBOAHO-
BOro paspsaa (2,45 I'Tu). TlpoBepeHO 4YUCAEHHOE MO-
AEAVIDOBAHUE AASl ONMCAHUS KUHETHKU 3AEKTPOHOB
M HWOHOB C WCIIOAB30BaHuMeM MeTopa PIC-MCC
(Particle-in-Cell ¢ Monte Carlo Collision). B pe3yabra-
Te WUCHBITAHUN IIOAYYEHBI CAEAYIOIINe XapaKTepUCTU-
KH: ITIopaBaeMas MOITHOCTb — OT 50 pAo 120 BT, yaeas-
HBIM uMOyabc — oT 1500 po 1800 ¢, tara — ot 0,5



Tabauna 3. dAeKTpuyeCcKne pakeTHbIe ABUTaTeAU C SAEKTPOCTAaTHYECKNM yCKopeHHeM paboyero teaa [20]
Table 3. Electric rocket engines with electrostatic acceleration of the operating body [20]

ABUrateab Pabouutt ras MomnocTs, BT Tara, mH YAEABHBIM UMITYABC, C CrpaHa-pa3padboTInuKk
AYMUT-MKA AsoT 4 0,02 3500 Poccusa [47]
NASA/Caltech Kcenon 3000...7000 50...120 7000...11000 CIIA [41]

- Kcenon 1000...5000 30...70 4000 CIIA [39]
NASA NEXT-C Kcenon 500...7000 20...236 2800...4200 CIIIA [40]
— Kcenon 50...120 0,5..2 1500...1800 CIIIA [46]

— Kcenon 10...30 03...1 2000...3500 SAnonuga [42]

- Kcenon 25 1,2 2600 SAnonus [43]

MiXL Kcenon 50...300 0,5...5 1500...2000 Anonns [44]

— Kcenon 80...250 0,5...4 1800...2200 Snonwns [45]

- Apron 40...70 0,3...1 1200...1600 CIIIA [48]

20 2 MH. UuchreHHBIe A@HHBIE TIOATBEPIKAQIOT BO3MOXK-
HOCTBb CTaOMABHOU PabOTHl MUKPOBOAHOBOTO MICTOYHU-
Ka B KOMIIAKTHOM (popMaTe, UYTO MO3BOASET CO3AABaTh
3 (peKTUBHbBIE MUKPOUOHHBIE ABUTATEAU AAS MaAbIX
CIIyTHUKOB [46].

B Poccum aKTUBHO paspadaTbIBA€TCS WOHHBIN
ABUTATEAb, HCIOAB3YIOIIUN CBEPXBBICOKOUYACTOTHBIA
pa3psa. KOHCTPYKIMS OTOTO ABUTATEAS] IIO3BOASIET
YCKOPSITb MOHU3UPOBAHHOe pabodyee TeAO C IIOMO-
1IbI0 KOMOMHUPOBAHHOTO IIOAS, COCTOSIIIEro U3 IIO-
CTOSIHHOTO 3AEKTPUYECKOTO IIOAS MEeXKAY 3AeKTPOAAMU
U BBICOKOYACTOTHOTO IAEKTPUUYECKOTO IIOASI B 3a30pe.
Ha puc. 9 npuBepeHa MOAEAb MOHHOT'O ABUTATEAS, OC-
HAI[eHHOTO TBEPAOTEABHBEIM I'eHEepPaTOPOM IAAa3MBI.

B pesyabTaTe IpOBeAEHHBIX UCIBITAHUN ABUTATEAS
TOAYUeHBl CAeAYIOLIMe XapaKTePUCTUKH: IIoAaBaeMast
MOIIHOCTb — 4 BT, yAeAbHBIN uMnyAbc Taru — 3500 c,
Tsara — 0,02 mH [47].

B pabote [48] onmceiBaeTcd pa3pabOTKa U IKCIIe-
pUMEeHTaAbHOE HCCAEAOBaHVE PEe30HAHCHOTO MUKPO-
BoAHOBOro (CBY) MuKpoapBHUTaTeAss AAS MaAbIX KOC-
MHMYeCKMX anmnapaToB. [IpuHIUN pabOTHI ABUTaTeAs
3aKAIOUAeTCs] B Pe30HAHCHOM BO30YKAEHUHU IIAa3MBbI
B KaMepe c ucnoabzoBanmeM CBY m3aydyenwms Ha ya-
croTe 2,45 I'Ti, paciiupeHHe HaArpeToro rasa (auaa-
TOMeTpudecKuil 3dekT) npeodpaszyerca B TAry Oe3
NPSIMOTO 3A€KTPUUYECKOTO YCKOPEeHHUs MOHOB. UmcAeH-
HOe MOAEAUPOBaHUE IIPOBEAEHO TMOPUAHBIM METOAOM
PIC-MCC aAd OLEHKH pacHpepereHUs MAOTHOCTU
IIAQ3MBI U TeMIIepaTyphbl 3AEKTPOHOB, a Takxke CFD-
MOAEAVPOBaHME Ta30AMHAMHUKU  PaCIIUPSIONIerocs
raza. B pesyabTaTe HCHOBITAHUM ITOAYYEHBI CAEAYIO-
1IMe XapaKTepUCTUKU: TIoAaBaeMasi MOITHOCTE — OT 40
A0 70 Br, ypaeapHBIM mMnyabc — oT 1200 ao 1600 c,
Tsara — oT 0,3 po 1 MH. Vcmoab3oBancsi B KauecTBe
pabodero Teaa aprod. AN MUHUMUM3AIUU TEIIAOIIOTEPH
U yBeAndeHUs 3(PHEeKTUBHOCTA MOHU3AIUN UCIIOAB30-
BanaCh TEIIAOMBOASIINS KaMepBhl.

PaccMmoTpeHHBIE OTeuecTBeHHBIE U 3apyOe’KHBIE
ABUTaTeAU C SAKTPOMArHUTHBIM yCKOpeHHe pabodero
Terd OOBEeAUHEHBI U IIPEACTaBAEHEBI B TaOA. 3.

BbIBOABI U 3aKAIOUEHUE

B pesyabTraTe aHaau3a 3AEKTPUYECKUX PAKETHBIX
ABHUTaTeAel KaK OTe4eCTBEHHOIO, TaK U 3apyOe’KHOro
TIPOM3BOACTBA OBIAU CAEAAQHBI CACAYIOIINEe BBHIBOABIL:

1. Ha pAaHHBII MOMEHT MOJKHO BBIAEAUTH ABa OC-
HOBHBIX METOAQ IIOAYYEHMs PEAKTUBHOM TATU: ra30AU-
HaMUYEeCKUU U SAeKTPOAWHAMUUeCKuU. [TepBeIll MeTOA
OCHOBAH Ha IIOAQuYe TEeNAOBOM 3Hepruu K paboueMy
TeAy, TOTAA KaK BTOPOU IIpeATloAaraeT IpeoOpa3oBa-

HUe BellleCTBa B IAA3MYy C IOCAEAVIOIIUM YCKOPEeHUEM
IOA, BO3AEMCTBHUEM CHABI /AOpeHIia.

2. MeTopuKa yBeAWUYeHHS YAEABHOTO MMIIyABCA
TATU Y TENAOBBEIX ABUTATeAeM IOKa3bIBaeT, YTO C KOAU-
YeCcTBOM II0OAABAEeMOMN TEIAOBOM OJHepruu Ha pabouee
TEeAO IIPOUCXOAUT yBEAMUEHHEe YAEALHOTO HMIIyAbCaA.
Pa3zpaboTka KOMIIQKTHBIX ABHUIAQTEABHBIX YCTAHOBOK
AAHHOTO THIIA AASI MAABIX KOCMHWUYECKHX allllapaToOB
SABASIETCSI HelleAeCOOOPa3HOM M3-3a 3HAQUUTEABHBIX Te-
IIAOBBIX IIOTE€Phb U HU3KOTO YAEABHOI'O UMITyAbCA.

3. MeTopuKa yBeAWYEHHS YAEABHOTO MMIIyABCA
B HOHHBIX M TIAA3MEHHBIX ABHTraTeAsX, B OTAMYUE
OT TEIIAOBBLIX, 3aBUCHUT OT AABACHUSI B Pa3psIAHOM Ka-
Mepe. Kak caepcTBUe, C NOBBIIIEHUEM AABAECHUS yBe-
AUUUBAETCSI U YAEABHBIM HUMIIYABC TATU. OTU THIIBL
ABUTaATeAeH! I1eAecOoO0pas3HO MCIOAB30BaTh B COCTaBe
YCTAHOBOK AASL MAABIX KOCMHUYECKUX allllapaToB. DAeK-
TpUYeCKasd JHEPIrusg M SAEKTPOMArHUTHOE U3AYyYEHHEe
B TIAQ3MEHHBIX ABUTATEASIX MHUHUMHU3HUPYIOT IIOTEpU
MOIIIHOCTH, UTO SIBASIETCSI OCHOBHBIM IIPEUMYIIECTBOM
IIAa3MEeHHBIX ABUTaTeAel Iepep TEeIIAOBBIMU.

4. PaccMOTpeHHBIe HOHHBIE ABUTQTEAU UMEIOT OAU-
HaAKOBBIM IPUHIIUII CO3AQHUS KOHCTPYKIIUY, N3MeHseT-
Csl TOABLKO TIPUHITUT TeHepalyiy NAas3Mbl. B KOHCTPYK-
UM AAST TIOAQUM pabouyero Teaa B PaCCMOTPEHHBIX
ABUTAQTEASIX MUCIIOAB3YIOTCSI arperaThbl THEBMOTHUAPABAN-
YeCKUX CHUCTEeM, 4TO YCAOJKHSAET KOHCTPYKIIHIO.

Takum oOpasoM, B IIpoliecce AeTaAbHOTO 00630pa
KOHCTPYKIIUM SAEeKTPUYECKUX ABUTATEAelM BBIIBAEHO:
4TO, AASI IIOAQUM pabodyero TeAa HPUMEHSIOTCS KAa-
TaHBl TTOAQYM U OTXOA OT HCIIOAB30BaHUS arperaToB
ITHEBMOTHUAPABAUYECKUX CHUCTEM AAS TTopaum  pabo-
4ero TeAa SABASIETCS IIePCIEeKTHBHBLIM HallpaBA€HUEM.
3aMeHa KAallaHOB IIoAQYU pabouero Teaa Ha (PUTUAD,
IIPOIIUTAHHBIA KPEMHUUOPraHUYeCKUM MAacCAOM, YIIPO-
IIaeT KOHCTPYKLMIO, 4YTO AeAdeT paboTy ABUTATEAS
Ooaee CTaOMABHOUM U HAAEKHOM. AAST TOATBEP KACHUS
HAAEKHOCTU U BBIIBA€HUSI HauboOAee pPaIllMOHAABHOTO
HUCIIOAB30BaHMs B KadecTBe pabodero Teaa KpPeMHUU-
OpTraHUYeCKOIO MacAa, a Tak>kKe IIOATBEP KAEHUS dHep-
reTM4eCKUX U TATOBBIX XapaKTEPUCTUK ABUTATEAS He-
00XOAVMO MPOBECTU AOTIOAHUTEABHbIE UCCAEAOBAHUS.
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